In this study, the effect of ascorbic acid 2-phosphate (Asc2P) was tested on porcine and rat mature hepatocytes in vitro. a). Asc2P increased the porcine, but not rat, albumin secretion and mRNA expression. The enhancing effect of Asc2P on porcine C/EBP alpha mRNA was observed in porcine mature hepatocytes. These data suggested that Asc2P played an important role in the regulation of porcine albumin mRNA level. b). The enhancing effect of Asc2P on ammonium metabolic activity was also observed in porcine, but not rat, mature hepatocytes. The porcine ornithine transcarbamylase (OTC) and arginase mRNAs were augmented by Asc2P, indicating that Asc2P had a direct effect on the urea cycle. c). The porcine collagen type I and type III mRNA, but not type XII mRNA, were detected as well, sugessting that Asc2P did not have the effect on the non-parenchymal hepatocytes to induce collagen type I and III mRNA expression. d). Our RT-PCR analysis demonstrated that the porcine hepatocytes expressed the sodium-ascorbate co-transporters SVCT1 and SVCT2, however, the intensities of porcine sodium-ascorbate co-transporters SVCT1 and SVCT2 bands were not changed markedly. These findings indicated that the Asc2P had no effect on SVCT1 and SVCT2 mRNA expression. e). The enhancing effect of Asc2P on porcine albumin mRNA was inhibited by staurosporine, a portein kinase inhibitor. We conclude that the enhanced albumin mRNA by Asc2P might be due to activation of tyrosine protein kinase and/or PKC and the Asc2P enhanced porcine albumin mRNA mainly at the transcriptional step.
INTRODUCTION
Primary cultures of hepatocytes have been used as a model system to investigate liver function, including drug metabolism, hepatotoxicity, protein biosynthesis and gene expression. Primary porcine hepatocytes are currently used in research and therapeutic applications as the biological component of extracorporeal liver assist devices. Tateno and Yoshizato reported that a long-term cultivation of adult rat small hepatocytes had been developed for more than two months without losing their replicative potential and differentiation capacity [1] . They further indicated that the medium used supported the continuous growth of small hepatocytes for an extended period [2] . The culture medium contained four key substances in addition to fetal bovine serum, that is, epidermal growth factor, nicotinamide, dimethyl sulfoxide and ascorbic acid 2-phosphate. They also co-cultured human parenchymal hepatocytes with Swiss 3T3 cells in the medium containing human serum, EGF, nicontinamide, and ascorbic acid 2-phosphate [3] . Katsura et al. reported that primary human hepatocytes were cultured in keratinocyte-stimulating factor medium supplemented with 10% human serum, 10 mM nicotinamide, 10 ng/ml epidermal growth factor, 0.5 microg/ml insulin, 10(-7) M dexamethasone [4] . We previously reported that the proliferation of porcine mature hepatocytes was observed for an extended period using a medium, which contains Williams' medium E, fetal bovine serum, epidermal growth factor, insulin, dexamethasone and ascorbic acid 2-phosphate. L-ascorbic acid or vitamin C, a naturally occurring major antioxidant, is one of the specialized products from the secondary pathway of glucose oxidation. Ascorbic acid 2-phosphate (Asc2P) is a stable vitamin C derivative. In this study, we first tested the effect of Asc2P on porcine and rat mature hepatocytes and noticed that the albumin secretion released into the culture medium from the porcine hepatocytes was increased by Asc2P. Asc2P also increased the ammonium metabolic activity of porcine hepatocytes. However, Asc2P did not give any effect to rat hepatocytes on albumin secretion and ammonium metabolic activity. Based on these observations, we therefore further investigated the mode of action of Asc2P in vitro. Our data had a direct impact on our understanding of the mechanism for vitamin C on the porcine hepatocytes as well as on the transport of the vitamin C across the intestinal barrier.
MATERIALS AND METHODS

Cells and Chemicals
Porcine hepatocytes were isolated by perfusion method using dispase and collagenase. Rat hepatocytes were isolated by the standard two-step collagenase perfusion method from male Wister rats (150-250 g). Isolated hepatocytes were cultured in the Williams' medium E (Gibco BRL) supplemented with 10% fetal bovine serum (FBS) (Sigma). This medium also contained insulin (10 -7 M) (Wako), dexamethasone (10 -6 M) (Wako), epidermal growth factor (EGF) (25 ng/ml) (Wako), penicillin (100 U/ml) and streptomycin (100 µg/ml) (Sigma). The isolated hepatocytes were finally suspended at a concentration of 1.5 x 10 5 cells/ml. Four milliliters of cell suspension were placed into 60-mm culture Iwaki dishes coated with collagen type I and the cells were incubated at 37°C and 5% CO 2 . The medium was changed every other day. Hep G2 cells are a human cell line, derived from a patient with hepatocellular carcinoma [5, 6] . This cell line was maintained in Dulbecco's modified Eagle medium (DMEM) (Gibco BRL) containing 10% FBS. Both sera were heat-inactivated (56°C, 30 min) before use. Asc2P (Wako) was dissolved in PBS(-) and sterilized through a 0.2 µm Millipore filter. The solution was stored at -20°C until use.
Assay for the Albumin Secretion
The hepatocytes were seeded as mentioned above and Asc2P was added to the each well at the concentrations of 1.5 and 0.0 mM. The medium was collected during the incubation and stored at -20°C until use. The secreted porcine or rat albumin was determined by enzyme-linked immunosorbent assay (ELISA). We used the two-antibody sandwich method. Briefly, 50 ng of goat anti-pig or rabbit anti-rat albumin antibody (Bethyl) was bound to each well of a high binding microtiter plate (Costar). After incubation overnight, samples (1000-times-diluted with culture medium) were applied to the wells. Porcine or rat albumin (Sigma) was used as a standard. Then, 50 ng of goat anti-pig or rabbit anti-rat albumin antibody conjugated to the horseradish peroxidase (Bethyl) was added to each well. O-phenylendiamine (Sigma) solution in 0.01% H 2 O 2 (3 mg/ml) was used as a substrate and the reaction was stopped by adding 50 µl of 1.0 mol/l H 2 SO 4 . A microplate reader was used for measurement at 490 nm wavelength.
Assay for Ammonium Metabolic Activity
The hepatocytes were incubated in the presence or absence of Asc2P. 0.4 ml of 100 mmol/l NH 4 Cl (Wako) was added to the medium and 0.1 ml of medium was collected 0, 3 and 6 hours later. Then, the medium was replaced with fresh medium. The ammonium concentration was measured using a commercial kit (AMICHECK™ meter, Arkray Factory Inc., Japan). The same assay system was carried out during the incubation.
RNA Extraction
The hepatocytes were seeded and Asc2P was added at the concentrations of 15, 7.5, 1.5 and 0.0 mM. Total RNA was isolated from hepatocytes with ISOGEN reagent (Nippon Gene), according to the manufacturer's instructions. The RNA was precipitated with 70% ethanol, resuspended in 20 µl of sterile distilled water containing 0.1% (v/v) diethyl pyrocarbonate (DEPC) and stored at -80°C before use. RNA was quantified spectrophotometrically and tested for integrity by using denaturing agarose-gel electrophoresis.
Analysis of Albumin and C/EBP alpha mRNA Expression by RT-PCR
Each specific mRNA for the amplification was analysed by reverse transcriptase-polymerase chain reaction (RT-PCR). Reverse transcriptase assay was carried out using total RNA samples and Ready-To-Go RT-PCR Beads (Amersham). Equal amounts of total cellular RNA (2.0 µg) were used to be reverse-transcribed into cDNA at 42°C for 60 min using pd(N)6 Random hexamer (Amersham). Before PCR amplification, the reverse transcriptase enzyme was inactivated at 95°C for 5 min.
PCR was performed in a total volume of 50 µl con-taining 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 1.5 mM MgCl 2 , 0.16 mM dNTP, 0.2 µM of each primer, 1 µl of the cDNA reaction and 0.5 µl of Taq DNA polymerase (5 U/µl; Toyobo) for amplification of the cDNA fragment. Pairs of the oligonucleotide synthesized specific primers for PCR were designed in the corresponding cDNA sequences to porcine albumin [7] , porcine glyceraldehyde-3-phosphate dehydrogenase (GAPDH), rat albumin [8] , mouse GAPDH [9] and porcine C/EBP alpha [10] . The sequences of the primers and lengths of PCR products are given in Table 1 . The synthesized cDNA was denatured at 94°C for 5 min and the amplification were performed at 94°C for 1 min, 55°C for 1 min and 72°C for 1 min with GeneAmp PCR System 9700 machine (Perkin-Elmer Biosystems). The cycle numbers of PCR were determined for each gene before the PCR reached a plateau. The PCR products were separated on 1% agarose gel containing ethidium bromide and the bands were viewed under ultraviolet (UV) light.
Analysis of Porcine Ornithine Transcarbamylase (OTC), Arginase, Sodium-Ascorbic Acid Transporter SVCT1 and SVCT2 mRNA Expression
Oligonucleotides used as primers for PCR amplification of cDNA specific for porcine OTC [11] , human arginase [12] , porcine sodium-ascorbic acid transporter SVCT1 and SVCT2 [13] are also listed in Table 1 . Five microliters of the RT cDNA samples were used to perform the PCR reaction. For the arginase mRNA expression, the PCR reaction was initiated with a denaturation step at 94°C for 5 min. This was followed by 28 cycles at 94°C for 1 min, 58°C for 1 min, and 72°C for 2 min. The PCR amplified products for SVCT1 and SVCT2 were electrophoresed on a 1.8% agarose gel.
Human collagen type I yielded a 500-bp product and human collagen type III yielded a 400-bp product. Human collagen type XII was used as the control. These primers were designed to conserved regions of the mRNA sequences ascertained from public sources.
MTT Assay
The 3'-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay were evaluated by a method with slight modification. The porcine hepatocytes were incubated at 37°C for the various time periods, then, 100 µl of MTT solution (5 mg/ml) was added to the cultures. Two hours later, 500 µl of solvent (10% SDS) was added to the cultures. After an overnight incubation, the absorbance of each well was measured using a microplate reader at 570 nm and calculated as the concentration of the Asc2P capable of reducing absorbance compared to the untreated control. The porliferation of porcine hepatocytes were determined as the number of viable cells compared with the control.
Photographs of Cells
The cultured hepatocytes were photographed for the time indicated on a phase-contrast microscope (Nikon Optical Co., Japan). 
RESULTS AND DISCUSSION
Effect of Asc2P on Albumin Secretion
We first examined the effect of Asc2P on porcine albumin secretion from the culture fluids of porcine hepatocytes. The porcine albumin secretion was augmented by Asc2P (Figure 1) . Albumin secretion rate was approximately 10-fold less in the absence or presence of Asc2P on day 1 than in its presence on day 5, 32-fold less than in its presence on day 7. The albumin secretion rate in the presence of Asc2P was 1.4-fold that in controls day 5 and 7 after plating. The enhancing effect had been remained until day 20. However, Asc2P did not affect the rat albumin secretion at all (Figure 2) .
Mitaka et al. have reported that the rat small hepatocytes were proliferated for more than two months in the medium contained 10 mM nicotinamide, 10% fetal bovine serum, 1 mM Asc2P and 10 ng/ml epidermal growth factor [14] [15] [16] [17] . The albumin in the medium from rat small hepatocytes increased with time in culture and, was detected about 10 days after plating. Hino et al. also Figure 1 . Determination of porcine albumin secretion. Asc2P was added to seeded porcine hepatocytes at different concentrations. The albumin secretion into the medium was determined by ELISA using the goat anti-pig albumin antibody. Asc2P was added to seeded rat hepatocytes at different concentrations. The albumin secretion into the medium was determined by ELISA using the rabbit anti-rat albumin antibody.
confirmed that the human small hepatocytes secreted albumin of which level continued to increase during the culture [18] . These human hepatocytes retained normal liver functions at least for 70 days. We found the enhancing effect of Asc2P on albumin secretion released into the culture medium from the porcine mature hepatocytes.
Effect of Asc2P on Ammonium Metabolic Activity
We next examined the effect of Asc2P on ammonium metabolic activity of porcine and rat hepatocytes. When the porcine hepatocytes were incubated in the presence of Asc2P at concentration of 1.5 mM, the ammonium metabolic activity was also increased (Figure 3 ). 1.5 mM Asc2P increased the ammonium metabolic rate compared to the control from the day 4. This enhancing effect had been remained until day 20. When rat hepatocytes were treated with 1.5 mM Asc2P, the ammonuim metabolic activity, however, was not increased (Figure  4) . The ammonium metabolic rate became almost undetectable in the medium irrespective of the presence or ab- Figure 4 . Asc2P was added to seeded rat hepatocytes at different concentrations. The ammonium concentration was measured using a commercial kit and the ammonium metabolic rate was calculated.
sence of Asc2P from day 5. Thus, the enhancing effect of Asc2P on ammonium metabolic activity appeared not to be related to rat hepatocytes.
Effect of Asc2P on Porcine Albumin and C/EBP alpha mRNA Expression
We further tested whether Asc2P would affect the porcine albumin mRNA expression. We also evaluated the effect of Asc2P on rat albumin mRNA expression. As shown in Figure 6A ( sion (436 bp). The clear bands were detected when the rat hepatocytes had been treated with Asc2P at the different concentrations on day 1 and 4 (lane 1 to 8). The thinner bands were detected on day 7 (lane 9 to 12). The bands were not detected clearly on day 10 (lane 13 to 16). The intensities of bands were not changed markedly when the rat hepatocytes had been plated in the presence or absence of Asc2P. The effect of Asc2P on the expression of GAPDH mRNA (290 bp) was also as shown in Figure 6 (below). GAPDH levels were unchanged as well. The growth rate of both hepatocytes was not affected at all by 15 mM Asc2P compared to 1.5 mM Asc2P. It has been previously reported that four different kinds of transcription factors bind to closely spaced binding sites of the albumin promoter [19] [20] [21] [22] , and three different kinds of factors bind to four central binding sites of the albumin enhancer [22, 23] . The hepatocyte nuclear factor family also played an important role in the regulation of albumin synthesis [24, 25] . In this experiment, Asc2P might enhance the porcine albumin mRNA at the step of transcription. For this, we further checked the effect of Asc2P on porcine C/EBP alpha mRNA level. As shown in the Figure 5 (mid) , the enhancing effect of Asc2P on porcine C/EBP alpha mRNA was also detected. These data suggested that Asc2P was involved in the regulation of porcine albumin mRNA level.
We observed the enhancing effect of Asc2P on albumin mRNA expression of porcine hepatocytes, but not rat, using RT-PCR technique. Mitaka et al. had demonstrated that the expression of albumin mRNA from the rat mature hepatocytes was detected on day 1, but not on day 5 and 10 [26] . Our findings are consistent with their report. To ensure cDNA integrity and concentration, which might differ each other between RNA samples, the expression of the housekeeping gene GAPDH was additionally quantified as an endogenous control. No significant differences of GAPDH transcription were found in both porcine and rat hepatocytes treated in the presence or absence of Asc2P for the time indicated. It has been reported recently that the ascorbate treatment for 48 h at 50 mg/l was the best concentration in the study for primary culture of chicken hepatpcyte with non-serum L-15 medium [27] .
In order to confirm the enhancing effect of Asc2P on plating of porcine albumin mRNA expression, Hep G2 cells were plated in treatment conditions similar to those shown in Figure 5 and 6. Hep G2 cells were treated with Asc2P at 75, 37.5, 15, 1.5 and 0.0 mM for 4 days and total RNA was isolated from them. Asc2P slightly affected the cellular growth at a concentration of 75 mM but was not cytotoxic to the cells under these condition. Then RT-PCR analysis specific for porcine albumin and mouse GAPDH primers was carried out. Computerdirected densitometry was performed using NIH Image Analysis 1.62 Software to determine the intensity of each DNA band. Similar results were obtained when Hep G2 cells had been treated with Asc2P (Figure 7) . The effect of Asc2P on the expression of GAPDH mRNA is also shown in Figure 7 , GAPDH levels were also unchanged.
We also checked the effect of staurosporine, a potent inhibitor of the protein kinase C (PKC) [28] , on the enhancement of albumin mRNA induced by Asc2P using Hep G2 cells. Staurosporine (50 nM) inhibited the enhancement of albumin mRNA by Asc2P, but hardly affect cellular viability by the Asc2P-free control culture (Figure 7) . Thus Asc2P may exert its effect on albumin mRNA through a system which is sensitive to staurosporine. Little study has been done with respect to the effect of Asc2P on the hepatocytes. Our experiments suggested that the enhanced albumin mRNA by Asc2P might be due to activation of tyrosine protein kinase and/or PKC. Because its enhancing effect was blocked by a protein kinase inhibitor and the activation of protein kinase is known to be necessary for promotion of transcription, Asc2P may activate some protein kinase in thecells that will lead to enhanced transcription of porcine albumin mRNA level.
Effect of Asc2P on the Urea Cycle
Ammonium metabolism is a complex process. The structural basis of the process of enhancement by Asc2P remains to be further understood. In this study, one question that could be asked is whether Asc2P had a direct effect on the urea cycle, or it enhanced the porcine albumin mRNA level with which it interacted which in turn affected the ammonium metabolism. We further tested the effect of Asc2P on OTC and arginase mRNA level. We noticed that porcine OTC mRNA was increased from day 10 and arginase mRNA was increased from day 20, suggesting that the Asc2P had a direct effect on OTC and arginase to increase their mRNA (Figure 8) .
Effect of Asc2P on Porcine Collagen
Type I, III and XII Extracellular matrix (ECM) is well known to play an important role in the growth and differentiation of hepatocytes [29] . Isolated mature hepatocytes become flattened rapidly, and show dramatically reduced liverspecific functions when the cells are cultured in plastic dishes [30] . The hepatocytes can also retain their normal cellular conditions and express certain differentiated functions for prolonged times when they are cultured in plastic dishes coated with a synthetic substratum [31] . However, dishes coated with high amounts of purified ECM molecules do not appear to be sufficient to induce hepatocyte differentiation [32] . Mitaka et al reported that the small hepatocytes could differentiate to mature hepatocytes by interacting with ECM [26] . Collagen type I and type III are made by fibroblasts and fat-storing (Ito) cells in normal liver were found to contain collagens I and III [33, 34] . Collagen Type XII, a fibril-associated collagen, help to organize the fibrils in some other tissues [34] . Since vitamin C is required for the synthesis of collagen, our data showed that the porcine collagen type I and type III mRNA, but not type XII mRNA, were detected as well (Figure 9) , suggesting that Asc2P did not have the effect on the non-parenchymal hepatocytes to induce collagen type I and III mRNA expression.
Effect of Asc2P on the Porcine
Sodium-Ascorbate Co-Transporters SVCT1 and SVCT2
Vitamin C exists in two chemically distinct forms in human plasma, the reduced ascorbate ion form (ascorbic acid, AA) and the oxidized non-ionic form (dehydroascorbic acid, DHA). Human cells acquire both chemical forms of vitamin C by transporting them across cell membrane with the participation of two different transporter systems that show absolute specificity for one or the other vitamin form [35] . These two different transporter systems are first transporter system, the facilitative glucose transporters for dehydroascorbic acid, and second transporter system, the sodium-ascorbic acid co-transporters for ascorbic acid. Second transport system for vitamin C is a high affinity, low capacity sodium dependent system (SVCTs) which corresponds to a re- cently described family of mammalian sodium-ascorbic acid co-transporters composed of two members, SVCT1 and SVCT2. These transporters display affinity for reduced vitamin C [35] [36] [37] [38] [39] .
There is no information on the mechanism of vitamin C transport across the intestinal barrier. It has been recently reported that the colon carcinoma cell line CaCo-2 was used as an in vitro model for vitamin C transport and the RT-PCR analysis indicated that CaCo-2 cells express the sodium-ascorbate co-transporters SVCT1 and SVCT2 [40] . The human vitamin C transporters expressed in COS-1 cells is regulated by protein kinase C [41] . Our RT-PCR analysis showed that the porcine hepatocytes expressed the sodium-ascorbate co-transporters SVCT1 and SVCT2, however, the intensities of porcine sodium-ascorbate co-transporters SVCT1 and SVCT2 bands were not changed markedly (Figure 10 ). These findings indicated that the Asc2P had no effect on SVCT1 and SVCT2 mRNA expression.
Effect of Asc2P on MTT Assay
We further examined the effect of Asc2P on the proliferative rate by MTT assay at the various concentrations. A tetrazolium salt has been used to develop a quantitative colorimetric assay for mammalian cell survival and proliferation. The assay detects living, but not dead cells and the signal generated is dependent on the degree of activation of the cells [42] . In this study, the cellular growth and proleferation were significantly increased by Asc2P during the long-term culture (data not shown).
Phase-Contrast Microscopic Observation
Liver cell suspensions were prepared and freshly isolated cells were plated on type I collagen-coated 60-mm culture dishes. The hepatocytes were checked and photographed on a phase-contrast microscope. The hepatocytes displayed a normal spreading rate and began to proliferate and scatter on day 3 and 4. The hepatocytesmaintained their normal shapes until day 10. Thereafter, the cells, which were not treated with Asc2P, were morphologically changed compared to those treated with Asc2P at 1.5 and 15 mM on day 15. In addition, not only the cells untreated with Asc2P, but also those treated with Asc2P at 1.5 mM were morphologically changed on day 20 and 25. The hepatocytes began to be disappeared gradually and the fibroblasts grew rapidly at this stage. The hepatocytes, which had been treated with Asc2P at 15 mM, remained almost unchanged after further time in this culture system (Figure 11) . We developed this culture method by which adult porcine hepatocytes can be maintained up to at least one month. There was one important improvement in our method. The cells cultured were the porcine mature hepatocytes. Several types of bioartificial livers have been deviced to treat patients with liver failures [43] [44] [45] . Demetriou et al. [43, 44] and Sussman et al [45] . have developed bioartificial livers that are clinically applicable as a bridge to transplants. These investigators have utilized porcine hepatocytes or a transformed human liver cell line (Hep G3), which makes the use of these devices limited to transient treatments. Further improvements of our method to grow porcine mature hepatocytes should make it possible to obtain proliferative normal hepatocytes more effciently which can be used to reconstruct bioartificial livers.
